modulate Tiam1 subcellular localization and ultimately increase GEF activity by ϳ2-3-fold. Activated (GTP-bound) H-Ras binding to the Tiam1 Ras-binding domain (RBD) has also been shown to activate GEF activity in cells (12, 25, 26) .
Like other GEF proteins, phosphorylation plays a key role in Tiam1 regulation. Phosphorylation of tyrosine residue 829 within the RBD/PDZ linker by TrkB (27) and serine/threonine residues throughout Tiam1 increased GEF activity ϳ2-fold (28, 29) . In addition, serine and tyrosine phosphorylation of residues at the N terminus is associated with Tiam1 degradation (30, 31) . These studies and previous observations (10, 32) suggest that the N terminus of Tiam1 is autoinhibitory. Indeed, a recent study by Kaibuchi and co-workers (33) showed that the first 50 residues at the N terminus (N50) inhibited Tiam1 GEF function by binding to the PH n -CC-Ex domain and, to a lesser extent, the catalytic DH-PH c domain. Furthermore, phosphorylation of serine residues within N50 by the aPKC␥ kinase relieved auto-inhibition.
The crystal structures of individual domains found in Tiam1, such as the PH n -CC-Ex (21, 22) , PDZ (34) and DH-PH c (35) , have been determined. However, structures of full-length Tiam1, active or inhibited, have not been elucidated. In addition, the question of whether supplementary suppressive interactions beyond N50 occur in Tiam1 has not been addressed to date. In this study we focused on a large fragment of Tiam1 (PH n -PH c ) that contains all of the folded domains. We measured the in vitro GEF activity of several truncated Tiam1 constructs to examine the role of the structured domains in regulating GEF function. We found that the PH n -CC-Ex domain directly inhibited the catalytic function of the DH-PH c domain. In addition, we determined the enzyme kinetics parameters for Tiam1 GEF function and identified the mechanism for autoinhibition of Tiam1 GEF activity. We used small angle X-ray scattering to generate structural models of the Tiam1 PH n -PH c fragment. The structural models revealed a multilayered, autoinhibitory mechanism that involves the PH n -CC-Ex domain, the RBD domain, and interdomain linkers. These results show that these regulatory domains occupy the Rac1-binding sites that are crucial for the GEF activity of Tiam1. Taken together, our results provide new insight into the mechanism by which the GEF activity of Tiam1 is auto-inhibited.
Results

Expression and characterization of Tiam1 protein fragments
To investigate the role of structured domains in regulating GEF catalytic activity, we constructed a series of fragments with sequentially deleted domains (Fig. 1A) . The designed Tiam1 protein fragments were expressed and purified to homogeneity (Fig. 1B) . The Tiam1 fragments were analyzed by a variety of methods to determine their oligomeric state and stability in solution before biochemical and structural experiments. Analytical size-exclusion chromatography (SEC) of the DH-PH c and PH n -PH c fragments indicated an apparent molecular weight of ϳ43 and 115 kDa, respectively (supplemental Table  S1 and Fig. S1 , A and B), consistent with a monomeric state in solution. Moreover, dynamic light scattering (DLS) provided an estimate of the hydrodynamic radius (R h ) and polydispersity (Pd) of the proteins in solution. Comparison of R h values determined by SEC and DLS suggested that Tiam1 proteins are relatively compact but elongated (supplemental Tables S1 and S2 ). The low polydispersity value (Ͻ11%) of the DH-PH c and PH n -PH c proteins indicated that they were homogeneous (supplemental Table S2 and Fig. S1C ). Thus, the Tiam1 fragments were verified to be monomeric, homogeneous, and aggregation-free in solution. 
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Deletion of Tiam1 structured domains promotes GEF activity
Full-length Tiam1 (residue 1-1591) GEF activity is auto-inhibited (32) . The N50 of full-length Tiam1 inhibits its localization and GEF activity through an interaction with the PH n -CC-Ex domain and, to a lesser extent, with the DH-PH c domain (33) . However, it is not known whether other structured domains participate in the auto-inhibition of Tiam1. As an initial step toward identifying the potential inhibitory domain(s) in Tiam1, we performed in vitro GEF exchange assays to measure the nucleotide exchange activity of several deletion constructs. In these experiments, the nucleotide exchange reactions were initiated by adding truncated Tiam1 fragments: DH-PH c (residues 1032-1406), PDZ-PH c (residues 832-1406), andPH n -PH c (residues423-1406)individually (Fig.1) .Themeasured nucleotide exchange activity of Rac1 without Tiam1 served as a reference for intrinsic exchange activity, whereas EDTA, which chelates the bound magnesium ion in Rac1 leading to maximal exchange of MANT-GDP, served as a positive control. We found that all of the Tiam1 fragments (DH-PH c , PDZ-PH c , and PH n -PH c ) stimulated nucleotide exchange activity of Rac1 compared with the intrinsic nucleotide exchange activity of Rac1 alone ( Fig. 2A) . There was no significant change in stimulated exchange activity between the DH-PH c and PDZ-PH c fragments, indicating that the PDZ domain has no effect on inhibition of Tiam1 GEF activity (Fig. 2B) . Further bolstering this conclusion, the addition of the isolated PDZ domain did not change the GEF activity of the catalytic DH-PH c domain (supplemental Fig. S2 ). In contrast, the observed catalytic activity of the PH n -PH c fragment was 3-fold lower than the DH-PH c fragment, indicating auto-inhibition (Fig. 2B) . Taken together, these data indicate that the PH n -CC-Ex and/or the RBD domain, but not the PDZ domain, participate in the inhibition of Tiam1 GEF activity in vitro.
The PH n -CC-Ex domain inhibits Tiam1 GEF activity
To validate the role of the PH n -CC-Ex domain in Tiam1 auto-inhibition, we conducted in vitro GEF exchange assays with the DH-PH c domain in the presence of increasing amounts (5, 20 , and 40 M) of the isolated PH n -CC-Ex fragment (Fig. 3) . The results showed that the GEF function of the DH-PH c fragment was decreased ϳ2-fold at the highest concentration of the PH n -CC-Ex fragment used in this assay. In contrast, titration of 20 M BSA did not change the nucleotide exchange activity of Rac1 (supplemental Fig. S3A ). In addition, titration of 20 M concentrations of the PH n -CC-Ex fragment to Rac1 in the absence of the DH-PH c fragment did not show a change of nucleotide exchange activity, indicating that the PH n -CC-Ex domain has no direct effect on Rac1 (supplemental Fig. S3B ). We conclude that the PH n -CC-Ex region directly binds to the DH-PH c domain to inhibit its GEF function.
Enzyme kinetics of inhibited and active Tiam1 proteins
As shown above, the structured domains within the PH n -PH c fragment inhibited the GEF activity of the DH-PH c domain through interdomain interactions. We hypothesized that the decrease of GEF activity could be due to a decrease of Rac1-binding affinity (competitive model) and/or the inhibition of catalysis (non-competitive or allosteric model). To clarify A, the exchange of MANT-GDP from Rac1, as monitored by the fluorescence intensity, was measured in the presence of Tiam1 DH-PH c alone or mixed with increasing concentrations of the PH n -CC-Ex fragment. The Tiam1 DH-PH c protein in the presence of the PH n -CC-Ex fragment showed reduced activity compared with Tiam1 DH-PH c domain alone. B, quantification of Tiam1 catalyzed exchange reactions. *, determined by a pairwise t test assuming equal variances.
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which model was pertinent, we determined the kinetics parameters (K m and V max ) of GEF activity for the Tiam1 DH-PH c or PH n -PH c constructs using a fluorescence-based enzymatic kinetics assay. The general enzymatic mechanism of RhoGEFs has been described previously as "ping-pong bi-bi," having two substrates (Rac1-GDP complex and free MANT-GDP) and two products (Rac1-MANT-GDP complex and free GDP) (36, 37) . Therefore, the initial velocity is dependent on the concentration of two substrates. At a saturating concentration of one substrate, the relationship of initial velocity to the second substrate concentration follows the Michaelis-Menten equation. However, we could not use a saturating concentration of MANT-GDP because of limitations in signal detection over the required concentration range needed for the analysis. Instead, a more robust analysis can be performed by titrating one substrate (e.g. Rac1-GDP) at several subsaturating concentrations of the second substrate (MANT-GDP) (36) . Thus, in the fluorescence-based enzymatic assays, a fixed concentration of Tiam1 proteins (DH-PH c or PH n -PH c ) was used while varying the concentration of Rac1-GDP performed at two different subsaturating concentrations of MANT-GDP (0.5 or 1 M). The initial velocity of each reaction was determined by fitting the initial 25 s to a line (Fig. 4, A and C) . The initial velocities were plotted against the concentration of Rac1-GDP and fitted to the Michaelis-Menten equation (Equation 1) to determine the apparent V max and K m values (Fig. 4, B and D) ,
The apparent Michaelis-Menten constants ( app K m , (Tiam1-Rac1)) and maximum velocities ( app V max , (Tiam1-Rac1)) at two concentrations (0.5 and 1 M) of MANT-GDP were used to calculate the true Michaelis-Menten constant ( true K m , (Tiam1-Rac1)) and maximum velocity ( true V max (Tiam1-Rac1)) using Equations 2 and 3,
where [MANT-GDP] represents the concentration of MANT-GDP, and K m , MANT-GDP represents the concentration of MANT-GDP at which the catalytic rate is half the true V max when [Rac1-GDP] is saturated. Tables 1 and 2 summarize the apparent and true kinetic parameters determined for the Tiam1 catalyzed nucleotide exchange reactions. We found that the true V max (and k cat ) values for the DH-PH c and PH n -PH c fragments were not statistically different. In contrast, the true K m value of the PH n -PH c fragment was ϳ2.4-fold higher than that of the DH-PH c fragment. These data indicate that the inhibition of Tiam1 GEF function occurs through a competitive model whereby the PH C -CC-Ex and RBD domains inhibit the DH-PH c domain by decreasing Rac1-binding affinity.
SAXS analysis of Tiam1 fragments
To uncover the organization of Tiam1 structured domains relative to the DH-PH c domain and their potential regulation of the GEF activity, we conducted SAXS-based structural characterization of three fragments (DH-PH c , PDZ-PH c , and PH n -PH c ). SAXS data were collected at two beamlines using different approaches. SAXS data for the three Tiam1 constructs 
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(DH-PH c , PDZ-PH c , and PH n -PH c ) were collected at the SIBYLS beamline 12.3.1 (Advanced Light Source, Berkeley, CA) on a static sample (no stirring or flow) at several protein concentrations (1-5 mg/ml) and exposure times (0.5, 1, 2, 4 s; data collected in this order). Except for the highest concentration and exposure time, all datasets were free of radiation damage and did not show any concentration-dependent effects (data not shown). The scattering data were buffer-subtracted, averaged, and merged for further data analysis and model construction. Only the PDZ-PH c dataset was included in subsequent ensemble modeling analyses.
SAXS data for the DH-PH c and PH n -PH c were also collected at the BioCAT beamline 18-ID-D (Advanced Photon Source, Chicago, IL) using an in-line size-exclusion chromatography-SAXS (SEC-SAXS) configuration, which involved elution of the sample from a FPLC system into a quartz capillary flow cell for X-ray scattering. Using this configuration, data from the monomeric peak were averaged and buffer corrected and used for further analysis. Although the data collected at the Advanced Photon Source (APS; Argonne, IL) and Advanced Light Source (ALS; Berkeley, CA) were of high quality and yielded very similar structural parameters, we chose to use the data collected at the APS for the Tiam1 DH-PH c and PH n -PH c fragments for further analysis because SEC-SAXS data ensures optimal sample quality. A summary of the SAXS data collection and the determined structural parameters is shown in Table 3 , whereas the experimental scattering profiles used for further analysis are shown in Fig. 5A . The Guinier analysis of the low scattering region (q ϫ R g Ͻ 1.3) was linear for all Tiam1 fragments (Fig.  5B ), suggesting that they were free of aggregation. The Guinier analysis also provided an estimate of the radius of gyration (R g ) and forward scattering intensity, I(0) ( Table 3 ). Using the forward scattering intensity and protein concentration along with several standard proteins, we determined the apparent molecular weight of each Tiam1 fragment (supplemental Table S3 ). Consistent with the analytical SEC, the oligomerization state of all Tiam1 fragments in solution was found to be monomeric. The distance distribution function, P(r), R g , and maximum particle dimension (D max ) of all Tiam1 proteins were calculated using the program GNOM (38) (Fig. 5C and Table 3 ). The R g values calculated from the Guinier analysis and GNOM were consistent, further demonstrating the high quality of the SAXS data. The R g /D max ratio provides an estimate of the anisotropy of each protein and ranged from 0.301 to 0.285 (39) . For reference, a sphere would have a ratio of 0.390 ((3/5) 1/2 ϫ R), where R is the radius of the sphere. These data indicate that the three constructs are anisotropic, with the PDZ-PH c fragment being the most elongated. The Kratky analysis of the scattering data indicated that all Tiam1 proteins had folded structure, but the increase of the curve at high q range suggests that they also have regions of flexibility, particularly the PH n -PH c fragment (Fig.  5D ). Taken together, the SAXS structural parameters (R g and D max ) indicate that the Tiam1 fragments contain structured domains with flexible regions. Importantly, these data also show that the DH-PH c and PH n -PH c fragments are relatively compact.
SAXS-based modeling of Tiam1 proteins
To understand how intramolecular interactions suppress the GEF activity of the Tiam1 PH n -PH c fragment, we created SAXS-based structural models using ab initio and rigid body approaches. The ab initio molecular envelope reconstruction of the three Tiam1 fragments from the experimental data were obtained and averaged using the programs DAMMIN (40) and DAMAVER (41) . For simplicity, we will focus on the PH n -PH c fragment. Twenty-four independent runs of DAMMIN with the lowest normalized spatial discrepancy were averaged by DAMAVER to derive a representative molecular envelope of the PH n -PH c fragment ( Table 4 ). The averaged envelope revealed that the Tiam1 PH n -PH c fragment has a compact, but elongated shape in solution (Fig. 6A ). To gain further insight into the relative orientation of the domains, we used the program CORAL (42) to generate an atomic model of Tiam1 PH n -PH c fragment based on known crystal structures of individual domains and perform rigid body fitting of this model to the SAXS data. Comparison of the scattering curve of rigid body model derived from CORAL and the experimental SAXS data yielded a 2 ϭ 2.95 ( 2 free ϭ 5.83), indicating only modest agreement (Fig. 6D) . Interestingly, visual inspection of the Table 1 Summary of apparent Tiam1 DH-PH c and PH n -PH c guanine nucleotide exchange enzyme parameters Table 3 Analysis of Tiam1 SAXS structural parameters M r, Sequence , theoretical molecular mass calculated from amino acid sequence; M r, SAXS , molecular mass estimated from SAXS using Porod volume; R g *, radius of gyration, estimated in reciprocal space from the Guinier plot; R g **, radius of gyration, estimated in real space using the program GNOM; D max , the maximum dimension, estimated using the program GNOM; Porod volume, the particle volume calculated from Porod's law. 
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superimposed rigid body model onto the molecular envelope showed that the RBD domain and the linker connecting the RBD and PDZ domains occupy the Rac1-binding site in the DH-PH c domain, occluding Rac1 binding (Fig. 6A ).
To characterize the dynamic nature of the linkers and to explore additional conformations of the Tiam1 PH n -PH c fragment, we used the programs BILBOMD (43) and EOM2.0 (44) to identify structural ensembles that best fit the experimental SAXS data. A weighted ensemble of four and three conformations was found for the Tiam1 PH n -PH c fragment by BILBOMD ( 2 ϭ 1.90; 
Characterization of Tiam1-Rac1-binding kinetics by single molecule total internal reflection fluorescence (TIRF) microscopy
To assess the interaction kinetics of the Tiam1 DH-PH c and PH n -PH c fragments, we used single-molecule TIRF microscopy. Fig. 7A shows a schematic of the single-molecule TIRF experimental setup. The Tiam1 fragment (DH-PH c or PH n -PH c ) was immobilized onto a glass slide by N-terminal biotinylation, and Rac1 was labeled at its C terminus with the Cy3 fluorophore through an aldehyde tag. Control experiments indicated that the biotin label had no effect on GEF exchange activity of the PH n -PH c fragment and a small effect on the DH-PH c domain (supplemental Fig. S8 ). In addition, the C-terminal aldehyde tag (LCTPSR) had no effect on GEF exchange activity (supplemental Fig. S8 ).
Several hundred to thousands of single-molecule-binding events were tracked by TIRF microscopy for multiple concentrations of Rac1-Cy3 (Fig. 7, B and C) . Global fitting of the Table 3 . C, normalized pair distribution function, P(r), for Tiam1 DH-PH c , PDZ-PH c , and PH n -PH c calculated in AutoGNOM. D, normalized Kratky plots for Tiam1 DH-PH c , PDZ-PH c , and PH n -PH c . Auto-inhibition of Tiam1 GEF function binned binding data yielded relatively short-lived complexes (k off ) for both Tiam1 DH-PH c and PH n -PH c fragments (Fig. 7, D and E, and Table 5 ). Two types of complexes (with fast and slow dwell times) were observed for both the PH n -PH c and DH-PH c constructs. The DH n -PH c construct showed ϳ84% of the events corresponded to the fast fraction, whereas 16% were slower events. In contrast, binding events for the PH n -PH c construct were more evenly distributed, with ϳ60 and ϳ40% of the events corresponding to fast and slow fractions, respectively. Due to the relatively low affinity of the complexes and the necessary use of high concentrations of labeled Rac1 protein, we were not able to reliably measure the association kinetics (k on ). Specifically, frequent events of Rac1 diffusion through the diffraction-limited spot around the surface-tethered PH n -PH c (or DH-PH c ) prevented reliable assignment of binding events.
Discussion
GEF proteins are generally regulated by auto-inhibition through intramolecular interactions that occlude the catalytic domain. However, the mechanistic details of auto-inhibition for individual GEF proteins varies such that detailed investigations are required to elucidate common mechanistic themes. The simplest mechanism of auto-inhibition results from steric occlusion of the GTPase by the PH domain within the DH-PH catalytic domain (45) . As the PH subdomain binds phophoinositides, phosphorylation of phophoinositide moieties and membrane association can influence GEF regulation (45) . However, the degree to which a PH subdomain regulates nucleotide exchange activity is variable among GEFs (45) . Auto-inhibition by intramolecular interactions mediated by phosphor- Figure 6 . SAXS-based structural models of Tiam1 PH n -PH c . A, ab initio model of Tiam1 PH n -PH c protein from SAXS data using DAMMIN and rigid-body modeling in CORAL. B, ensemble structural models for Tiam1 PH n -PH c determined by the program BILBOMD. C, ensemble structural models for Tiam1 PH n -PH c determined by the program EOM2.0. D, comparison of experimental scattering curve and the fitted scattering curves for Tiam1 PH n -PH c based on the rigid-body model (CORAL) and ensemble models (BILBOMD and EOM2.0). 
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ylation is a second common mechanism (45) . The Vav RhoGEF is an excellent example. Vav is held in a closed, auto-inhibited state by the interaction of multiple domains within the protein.
Phosphorylation of several tyrosine residues within an acidic region of Vav is the first event required for relief of auto-inhibition. Once phosphorylation occurs, displacement of other domain-domain contacts ensues (46 -49) . This hierarchical mechanism involving tiers of regulation may also be pertinent in other GEFs, including Tiam1 (45) .
Like other RhoGEF proteins, Tiam1 is a multidomain protein whose activity is auto-inhibited. Tiam1 is composed of several structured domains and unstructured N and C termini (Fig. 1) . The structure of the DH-PH c domain in complex with nucleotide-free Rac1 shows that the PH c subdomain does not contact Rac1, suggesting relatively little regulation by this PH domain (35) . However, studies in cells show that the PH c subdomain has an important effect on GEF activity through interactions with the membrane (50, 51) . Moreover, the N-terminal most 50 amino acids (N50) of Tiam1 inhibit its GEF activity by directly binding the PH n -CC-Ex domain and to a lesser extent the catalytic DH-PH c domain (33) . Nevertheless, observations that Tiam1 can be activated by protein interactions through the PH n -CC-Ex and RBD domains and phosphorylation (Tyr-829) suggest that there may be additional levels of inhibition (21, 25, 27, 32) . Here, we explored the possibility that additional regions, beyond N50, are inhibitory to Tiam1's GEF activity.
Tiam1 is inhibited by the PH n -CC-Ex domain
Using in vitro guanine nucleotide exchange assays on several Tiam1 truncation constructs (PH n -PH c , PDZ-PH c , and DH-PH c ), we determined that the PH n -CC-Ex and RBD regions are critical for full Tiam1 GEF activity (Fig. 2) . This was corroborated by experiments where titration of the isolated PH n -CC-Ex domain directly inhibited the GEF activity of the DH-PH c catalytic domain (Fig. 3) . These data indicate that the PH n -PH c construct, which does not contain the N50 region, is auto-inhibited and that the PH n -CC-Ex region directly binds to and inhibits access of Rac1 to the catalytic DH-PH c domain. This finding indicates that Tiam1 is inhibited by multiple suppressive interactions that encompass a large portion of its N terminus that includes both the N50 and PH n -CC-Ex regions.
To address the mechanism of Tiam1 inhibition, we determined the enzyme kinetics of fully active (DH-PH c ) and inhibited (PH n -PH c ) Tiam1 constructs. We considered two possible mechanisms: allosteric regulation and steric occlusion. The kinetics data revealed that the V max values were similar for the DH-PH c and PH n -PH c fragments, whereas the K m values were significantly different (Fig. 4 and Tables 1 and 2 ). These data support a model where the PH n -CC-Ex and RBD regions sterically occlude Rac1 from the catalytic site in the DH-PH c domain, resulting in auto-inhibition. Consistent with this model, previous studies showed that truncation of the N-terminal 392 residues of Tiam1 (⌬N392) or protein/protein interactions involving the PH n -CC-Ex and RBD domains activate the Tiam1 GEF function in cells (21, 25, 27, 32) .
Structural basis for Tiam1 auto-inhibition
We conducted SAXS-based characterization of several Tiam1 fragments to determine the structural basis for GEF auto-inhibition. Analysis of the DH-PH c , PDZ-PH c , and PH n -PH c SAXS data showed that all the fragments possessed regions of structure. The DH-PH c region was compact relative to the PDZ-PH c and PH n -PH c fragments, which were much more extended. Even though the PH n -PH c construct had nearly doubled the molecular weight of the PDZ-PH c construct, the two fragments had similar molecular dimensions (R g and D max ). These data suggest that the PH n -PH c construct, although somewhat extended, is more compact than the PDZ-PH c fragment.
Ensemble modeling of Tiam1 PDZ-PH c and PH n -PH c SAXS data provided additional insight. Analysis of the PDZ-PH c SAXS data and structural models showed an elongated conformation in which the PDZ domain is away from the DH-PH c domain and Rac1 is readily accessible for catalysis (supplemental Fig. S9 ). This structural model is fully consistent with our biochemical data that showed the PDZ domain has no effect on the Tiam1 GEF function compared with the DH-PH c domain. In contrast, ensemble models of the Tiam1 PH n -PH c fragment provide a more complex picture. In particular, the SAXS-based structural ensembles support two general conformations: an elongated, open conformation accessible to Rac1 and a compact, closed conformation inaccessible to Rac1. Inspection of the EOM2.0 and BILBOMD models (Fig. 6) indicates that in the closed conformation, the PH n -CC-Ex and RBD domains combine to occlude the catalytic DH-PH c domain. Interestingly, the distribution of these two states based on R g or D max suggests that the two conformations exist in a relative proportion of ϳ58 -67% closed and 33-42% open states (Figs. 6 and supplemental Fig. S7 ). Although the SAXS-based models are of low resolution, they are fully consistent with the biochemical data and suggest a possible mechanism for how the PH n -CC-Ex and the RBD regions inhibit Tiam1 GEF activity.
Single-molecule experiments support two conformations in the Tiam1 PH n -PH c fragment
Single-molecule experiments in principle can provide a wealth of information about the kinetics of molecular processes. Here, we established a simple assay to assess the binding kinetics between the Tiam1 DH-PH c and PH n -PH c fragments and Rac1. The single molecule analysis of "on" dwell times yielded k off rate constants for both the DH-PH c and PH n -PH c fragments. For the PH n -PH c construct, the "on" dwell time distributions best fit two "off" rate constants (k off,fast and k off,slow ) where the fast and slow rates had a 0.60 and 0.40 fraction, respectively. These two rate constants are indicative of the presence of two bound species with distinct dwell times. Similarly, the DH-PH c single molecule data were best fit using two "off" rate constants (k off,fast and k off,slow ) where the fast process comprised the largest (ϳ0.84) fraction. Unfortunately, we were Auto-inhibition of Tiam1 GEF function unable to reliably determine the association rate constant (k on ). However, assuming a typical protein k on between 10 5 and 10 6 M Ϫ1 s Ϫ1 (52-54), the K d range for the fast process is ϳ3-30 M for PH n -PH c and 8 -80 M for DH-PH c . This dissociation constant is on the order seen for other GEF complexes (37) and similar in magnitude to the K m s determined for the PH n -PH c and DH-PH c constructs (Table 2) . Thus, for the PH n -PH c construct, the most likely origin of the fast k off kinetic process is dissociation of Rac1 from the open state. Interestingly, the SAXS data indicate that the PH n -PH c is in equilibrium between the open and closed states, roughly in a 60% to 40% distribution, respectively. Therefore, the slow k off kinetic process may reflect the conformational change of the PH n -PH c construct from the open to the closed state with concomitant dissociation of Rac1. A similar explanation could be argued for the DH-PH c construct; however, here dissociation or Rac1 occurs primarily from the open, DH domain-accessible state. The slower k off likely reflects dissociation of Rac1 that occurs due to a more limited conformational change of the PH c subdomain to form a semi-closed state in the DH-PH c domain. Together, the singlemolecule binding experiments provide support for two kinetic processes that reflect the conformational equilibrium between open and closed states in the PH n -PH c construct.
Model for Tiam1 auto-inhibition and activation
Early cell biological studies of Tiam1 revealed that truncation of ϳ400 amino acids of the N terminus promoted GEF activity (10, 32, 55) . The origin of this auto-inhibition was recently determined to be the N-terminal 50 amino acids (N50), which contains an aPKC␥ phosphorylation site (33) . The authors proposed a model whereby Tiam1 is biased in a closed, auto-inhibited state through the interaction of the N50 region and the PH n -CC-Ex domain. Upon phosphorylation of N50 (at Ser-29) by aPKC␥ and engagement of the PH n -CC-Ex region with Par3 (or other binding partners), Tiam1 opens to yield an active conformation with an exposed DH-PH c domain. Here, we show that the PH n -CC-Ex also plays a critical role in promoting and stabilizing the closed state by physically interacting with the DH-PH c domain. We propose a combinatorial model for Tiam1 regulation (Fig. 8 ). This combinatorial model highlights that inhibition and activation are multistep processes with regulation at distinct levels. At present, we presume that the both modes of inhibition, through N50 and PH n -CC-Ex, are compatible. Future work will focus on investigating the activity of fulllength Tiam1 to determine the relationship between these two modes of inhibition (i.e. whether or not they are coupled).
Conclusion
Here we present a series of novel findings regarding the mechanism and structural basis of Tiam1 GEF auto-inhibition. We determined that the Tiam1 PH n -PH c fragment can be autoinhibited in the absence of N50 (33) . In addition, we showed that the PH n -CC-Ex domain alone inhibits Tiam1 GEF function in vitro. Our results establish a novel mechanism for autoinhibition of Tiam1 by intramolecular interactions through the PH n -CC-Ex domain. We determined the enzyme kinetics of Tiam1-catalyzed nucleotide exchange reactions on Rac1 and found that inhibition occurs by a competitive model where the auto-inhibition is due to a lower substrate-binding affinity rather than inhibition of catalysis. SAXS-based ensemble structural models suggested that the PH n -PH c fragment exits in an equilibrium between a compact, closed conformation that is auto-inhibited and an open, GEF active conformation. Finally, single-molecule experiments validate this model of conformational equilibrium between two states. Taken together, the work described here supports a novel mechanism for Tiam1 GEF auto-inhibition whereby the PH n -CC-Ex domain blocks the Rac1-binding site on the catalytic DH-PH c domain. Our 
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data also suggest a combinatorial model of regulation, where auto-inhibition and activation of Tiam1 is a multilayered process involving multiple factors, including phosphorylation and protein/protein interactions.
Experimental procedures
Protein expression and purification
Human Rac1 fragment (residues 1-181, C178S), human Tiam1 DH-PH c (residues 1032-1406), PDZ-PH c (residues 832-1046), and PH n -PH c (residues 423-1406) fragments were cloned into the NdeI and XhoI restriction sites of a modified pET21a vector (Novagen) that encodes an N-terminal 6ϫ histidine tag followed by a recombinant tobacco etch virus (rTEV) protease cleavage site (ENLYFQG). The PH n -CC-Ex (residues 423-702) domain was cloned into pQE30-GB1 vector (Qiagen) that encodes an N-terminal 6ϫ histidine tag followed by a GB1 domain and rTEV protease cleavage site (22) . Rac1 protein expression was performed in Escherichia coli strain BL21(DE3) (Novagen), whereas Tiam1 proteins (DH-PH c , PDZ-PH c , and PH n -PH c ) were expressed in E. coli strain Rosetta TM (DE3) (Novagen). Tiam1 PH n -CC-Ex protein expression was achieved in E. coli strain M15 (Qiagen). All protein expression was induced using 0.5 mM isopropyl 1-thio-D-glactopyranoside (IPTG) at 20°C overnight. All proteins were purified by nickelaffinity chromatography (nickel-Sepharose 6 fast flow media, GE Healthcare) and subsequently treated with recombinant TEV protease at 4°C overnight to remove the N-terminal 6ϫ histidine tag. Further purification was performed by anion exchange chromatography (Q FF media, GE Healthcare) and size-exclusion chromatography (Superdex 75 for Tiam1 DH-PH c , PH n -CC-Ex, and Rac1, and Superdex 200 for Tiam1 PDZ-PH c and PH n -PH c ), which was equilibrated and run in a buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 5% glycerol, and 5 mM dithiothreitol (DTT). In addition, 50 mM arginine and 50 mM glutamic acid was included in the buffer to stabilize the Tiam1 PH n -PH c fragment (56 -58) . The purified proteins were concentrated and stored at Ϫ80°C.
Analytical size-exclusion chromatography
100 l of Tiam1 DH-PH c and PH n -PH c proteins at 5 mg/ml was loaded onto a Superdex 200 HR 10/300 column running at flow rate of 0.5 ml/min. The elution of protein was monitored by UV absorbance at a wavelength of 280 nm. The column was equilibrated in a buffer consisting of 150 mM NaCl, 20 mM Tris (pH 7.5), 5 mM DTT, and 5% glycerol. The molecular weight and hydrodynamic radius (R h ) of the Tiam1 DH-PH c and PH n -PH c proteins were estimated by comparing their elution volume (V e ) to a standard curve determined from proteins of known hydrodynamic radii and molecular masses ranging between 13.6 and 670 kDa (supplemental Fig. S1 and Table S1 ).
Dynamic light scattering
DLS measurements of Tiam1 samples were performed using a DynaPro NanoStar instrument (Wyatt Technology). Tiam1 samples at 1-5 mg/ml were filtered using a 0.1-m filter (Anotop 10; Whatman) to remove large aggregates. Eight microliters of each Tiam1 sample was added to a disposable plastic cuvette (Wyatt Technology) pre-equilibrated in the sample chamber at 25°C. Light scattering was detected at 658 nm with a fixed detection angle of 90°, and the data were collected at 25°C. For each acquisition, scattering was measured every second for 50 s. For each measurement, 10 acquisitions were averaged to determine the mean value. The buffer was set to 5% glycerol in the DYNAMICS (Wyatt Technology) software to match the sample conditions. Changes in the intensity of scattered light over time derived from the random motions of molecules in solution were processed by the autocorrelation function. The autocorrelation function was averaged and analyzed using the software package DYNAMICS (Wyatt Technology). The hydrodynamic radius (R h ) was determined by relating diameter to the translational diffusion coefficient using the Stokes-Einstein relation (Equation 4),
where is the Boltzmann's constant, T is temperature (K), and is solvent viscosity (supplemental Table S2 ). Polydispersity (Pd) was used to estimate the relative size distribution of molecular species in solution. The percent polydispersity (% Pd) is given in Equation 5 ,
where Pd is polydispersity, and R h is the mean value of hydrodynamic radius. All %Pd calculations were performed using the software package DYNAMICS (Wyatt Technology).
Preparation of MANT-GDP-bound Rac1
Rac1 preloaded with fluorescent GDP analogue 2Ј(3Ј)-O-(Nmethylanthraniloyl) guanosine diphosphate (MANT-GDP) (Sigma) was prepared as described previously (59, 60) . One hundred nanomoles of purified Rac1 was incubated at room temperature for 30 min with 3-fold molar excess of MANT-GDP in 1 ml buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM DTT, 5 mM EDTA, and 5% glycerol). Next, the nucleotide exchange reaction was terminated by adding 30 l of 0.5 M MgCl 2 (final concentration of 15 mM) to the Rac1/MANT-GDP mixture and incubated for 10 min at room temperature. Sizeexclusion chromatography (PD-10 column, GE Healthcare) was used to separate free MANT-GDP from the Rac1-MANT-GDP complex while simultaneously exchanging the buffer into 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, 5 mM MgCl 2 , and 5% glycerol. The fractions containing the Rac1-MANT-GDP complex were identified and quantified using the bicinchoninic acid assay kit (Thermo Fisher Scientific) and SDS-PAGE analysis. The pooled Rac1-MANT-GDP complex was stored at 4°C covered in foil and used within 2 weeks.
In vitro quantitative guanine nucleotide exchange assays
All guanine nucleotide exchange experiments were performed on a spectrofluorimeter (Fluorolog-3, Horiba) using a buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 5 mM MgCl 2 , 5% glycerol, and 1 mM DTT at 25°C. Solutions of Rac1-MANT-GDP complex (final concentration of 2 M) were equilAuto-inhibition of Tiam1 GEF function ibrated in a 2-ml cuvette (quartz SUPRASIL, Hellma Analytics) for 5 min at 25°C before kinetics assays. The nucleotide exchange reaction was triggered by adding the Tiam1 construct (final concentration of 1 M) in the presence of excess (20 M) unlabeled GDP. The MANT fluorescence signal was monitored using an excitation and emission wavelength of 360 and 450 nm, respectively. All nucleotide exchange experiments were performed using two independent protein preparations with at least duplicate measurements. The observed decrease of the fluorescence signal due to the release of MANT-GDP from Rac1 was fitted to a single exponential decay function to determine the exchange reaction rate ( ϭ 1/t) and half-time (t1 ⁄ 2 ) of GEF activity using Equations 6 and 7,
where N t is the fluorescence intensity at time t, and N 0 is the initial intensity at time t ϭ 0, is the exponential time constant, is the catalytic rate, and t1 ⁄ 2 is the half-life, which is the time required for the amplitude to be one-half of its initial value (59).
Fluorescence-based enzyme kinetics assay
Enzyme kinetics parameters for Tiam1-catalyzed nucleotide exchange reactions were determined using fluorescence-based experiments that measure the increase in fluorescence signal following the incorporation of MANT-GDP into Rac1 over time (36, 37) . The kinetics values measured for Tiam1 acting on the Rac1-GDP substrate in these experiments include the Michaelis-Menten constant (K m (Tiam1-Rac1-GDP)), the maximum velocity (V max (Tiam1-Rac1-GDP)), and the ratelimiting rate constant (k cat ). Experiments were performed at 25°C on a spectrofluorimeter (Fluorolog3, Horiba) using an excitation wavelength of 360 nm and an emission wavelength of 450 nm for MANT-GDP in a buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 5 mM MgCl 2 , 5% glycerol, and 1 mM DTT. A catalytic amount (0.5 M) of Tiam1 protein (enzyme) was added to trigger the guanine nucleotide exchange reaction as a function Rac1-GDP complex (substrate) concentration (1-32 M for DH-PH c and 1-64 M for PH n -PH c ) in the presence of a fixed concentration of MANT-GDP (0.5 M or 1 M). The total amount of exchanged MANT-GDP-bound Rac1 in solution was directly proportional to the total fluorescence intensity change (supplemental Fig. S4 ). The factor for converting fluorescence intensity change to the amount of MANT-GDP bound Rac1 is expressed in Equation 8 ,
where [MANT-GDP] ex is the amount of exchanged MANT-GDP, and ⌬FL is the change of fluorescence intensity. The conversion factor in this study was determined to be 146.2 Ϯ 2.2 arbitrary fluorescence units/M MANT-GDP. The exchange of MANT-GDP over the first 25 s of the reaction was fitted by the slope (⌬FL/time) to determine the initial reaction rate.
Initial catalytic rate ϭ slope/conversion factor (Eq. 9)
The plot of initial reaction rates versus Rac1-GDP concentration was fitted to the Michaelis-Menten kinetics equation to determine the apparent K m and V max values. The "true" kinetic values were determined using the apparent kinetic values determined at two MANT-GDP concentrations (see below).
Analysis of Tiam1 nucleotide exchange enzyme kinetics experiments
Tiam1-catalyzed nucleotide exchange reaction follows a "ping-pong bi-bi" mechanism having two substrates (Rac1-GDP and free MANT-GDP) and two products (Rac1-MANT-GDP and free GDP). The initial catalytic rate for a two-substrate reaction is shown in Equation 10 , (36, 37) . If the concentration of MANT-GDP is held constant at a subsaturated concentration, then the concentration of the Rac1-GDP complex can be varied. Under these conditions, the catalytic rate for Tiam1 can be expressed in terms of the apparent V max and apparent K m (Rac1-GDP) (Equation 11),
Rearranging Equation 11 in terms of the true V max and true K m (Rac1-GDP) yields equations 12 and 13.
Because only the K m (MANT-GDP) is unknown, the true V max and K m (Rac1-GDP) values can be calculated by obtaining the apparent V max and K m values at two different concentrations of MANT-GDP (36, 37) . Finally, the calculated true V max value and concentration of Tiam1 can be used to determine the rate-limiting rate constant (k cat ) of Tiam1 for Rac1-GDP using Equation 14 ,
(Eq. 14)
where [Tiam1] is the concentration of Tiam1, and V max is the maximum velocity of Tiam1-catalyzed nucleotide exchange of Rac1-GDP.
Auto-inhibition of Tiam1 GEF function Statistical analysis
Unless indicated, all data are representative of at least three independent experiments. Results are expressed as the means Ϯ S.E. from multiple experiments. Student's t test was used to determine the statistical significance (two-tailed p value Ͻ 0.05).
SAXS data collection
All Tiam1 proteins were dialyzed extensively into SAXS buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM Tris(2-carboxyethyl) phosphine (TCEP), 5% glycerol) before data collection. The buffer for the Tiam1 PH n -PH c fragment also contained 50 mM arginine and 50 mM glutamic acid to stabilize the protein (56 -58) . SAXS data were collected at the SIBYLS beamline 12.3.1 at the ALS and BioCAT beamline 18-ID-D at the APS). All SAXS samples were examined by DLS before data collection at the ALS SIBYLS beamline (supplemental Fig. S1 ). SAXS data collection at the ALS (SIBYLS beamline) was performed at 10°C on a static sample using a protein concentration range of 1-5 mg/ml. Data were recorded using a MAR 165 area detector (Rayonix) covering a q-range of 0.004 Ͻ q Ͻ 0.35 Å Ϫ1 (q ϭ 4/ sin, where 2 is the scattering angle). Several exposure times (0.5-4 s) were used for data collection for all samples. The data reduction was performed automatically using custom scripts to generate radially averaged scattering curves of normalized intensity versus q value. The SAXS data obtained at the APS (BioCAT beamline 18-ID-D) were collected at room temperature using an in-line SEC-SAXS configuration (61) with a Superdex 200 10/300 GL Increase column (GE Healthcare). A volume of 250 l containing a 10 mg/ml sample was loaded onto the column at a flow rate of 0.5 ml/min. The elution trajectory was redirected after the UV monitor into the SAXS sample flow cell. Scattering data were collected every 3 s using a 1-s exposure on a Pilatus 3 1 M pixel detector (DECTRIS) covering a q-range of 0.004 Ͻ q Ͻ 0.33 Å Ϫ1 . For each protein, the buffer scattering before the eluted peak was recorded and used for background correction. Data from the main peak were averaged and corrected for buffer scattering to obtain the final protein scattering curves (supplemental Fig. S5 ).
SAXS data processing and modeling
After data reduction and buffer subtraction, the SAXS data were further analyzed using the ATSAS software package (42, 62) . The buffer-corrected data obtained at different protein concentrations were analyzed separately to determine concentration-dependent effects on structural parameters. The forward scattering intensity, I(0), and the radius of gyration (R g ) were calculated from the Guinier plot using the program PRI-MUS (63), part of the ATSAS software package. PRIMUS was also used to compute the Kratky plot and pair distribution function, P(r). The Porod volume was computed using the Porod invariant in the program PRIMUS and GNOM (44) . The molecular weight (M r ) of each Tiam1 fragment was estimated using the forward scattering intensity and known concentration by comparison to a protein standard using Equation 15 ,
where M r, p is the molecular weight of the Tiam1 protein of interest, M r, st is the theoretical molecular weight of the standard protein, I(0) is the forward scattering intensity at zero scattering angle, and C is protein concentration (mg/ml) (64) . The standard proteins used for the determination of molecular mass were xylanase (21 kDa), BSA (66.4 kDa), and glucose isomerase (173 kDa) (supplemental Fig. S6) .
The low resolution ab initio models of Tiam1 proteins were constructed from the experimental SAXS data using the program DAMMIN (40) . To assess the stability of the models, 24 independent modeling runs were performed in the program DAMMIN, and the results were averaged in DAMAVER (41) . The rigid body model for the PH n -PH c fragment was constructed in the program CORAL (42) using the high resolution crystal structures of individual domains (PH n -CC-Ex, PDB 3A8N (21); PDZ, PDB 3KZD (34); DH-PH c , PDB 1FOE (35) and a homology model of the RBD domain generated using the program Phyre2 (65) with the Raf RBD domain (PDB 4G3X) (65) as a template). The missing linkers between domains were modeled as "dummy residues."
The programs BILBOMD (43) and Ensemble Optimization Method (EOM2.0) (44) were used to generate ensemble models of the PDZ-PH c and PH n -PH c fragment. The input for BIL-BOMD was a full-atomic model of the PDZ-PH c and PH n -PH c fragment built using the known crystal structures (see above) connected by loops and linkers modeled in the program Loopy (Dr. Adrian Elcock, University of Iowa; Refs. 66 and 67). The input for EOM2.0 was the crystal structures of individual domains (see above) alone, as the software generates all loops and linkers. Both programs use an ensemble approach to generate a large pool (ϳ10,000) of candidate conformations and select a small group of representative conformations consistent with the SAXS data. A representative ensemble was chosen by identifying multi-conformational SAXS profiles that produce a minimal value when compared with the experimental scattering curve. The value is the goodness-of-fit between the experimental data and the calculated theoretical SAXS curves (Equation 16),
where M, , and c are the number of data points, the standard deviations of data points, and the scaling factor, respectively. The calculation of theoretical scattering curves for the rigid body models was performed by the program FoXS (48), which also determines the discrepancy ( value) between the simulated and experimental scattering curves. In addition, the free parameter (68) , which assesses the model/data agreement, was calculated in the program ScÅtter (R. P. Rambo; www.bioisis.net).
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Protein expression and purification of Rac1-aldehyde tag and biotinylated Tiam1 proteins Rac1 was labeled with the Cy3 fluorophore by the addition of an "aldehyde tag" (LCTPSR) and generation of an aldehyde via the action of formylglycine-generating enzyme (FGE) (69) . In cells, FGE efficiently recognizes the aldehyde tag and catalyzes the enzymatic conversion of the cysteine residue within the tag to an aldehyde-containing formylglycine, fGly (69, 70) . The Rac1-aldehyde tag plasmid (mpET21a Rac1-aldehyde) was generated using PCR with a 3Ј-primer that included the six-residue aldehyde tag into the C terminus of Rac1 (1-181, C178S ). This plasmid also contained an N-terminal rTEV-cleavable 6ϫ histidine tag. E. coli Rosetta TM (DE3) (Novagen) cells containing the Rac1-aldehyde and FGE plasmids (69, 70) were incubated in LB media at 37°C until the absorbance at 600-nm wavelength reached 0.3, at which time FGE expression was induced with 0.02% (w/v) arabinose. After 30 min, the temperature was lowered to 18°C, and expression of the Rac1-aldehyde protein was induced using 0.1 mM IPTG overnight. Biotinylated Tiam1 DH-PH c and PH n -PH c plasmids were generated by introducing an E. coli BirA ligase recognition sequence (GLNDIFEAQKIEWHE) (71) between an N-terminal 6ϫ histidine tag cleavable with rTEV and Tiam1 DH-PH c and PH n -PH c fragments in a modified pET21 vector (Novagen). The Tiam1 plasmids were transformed in E. coli Rosetta TM (DE3) (Novagen) cells and grown in LB media supplemented with 0.1 mM biotin (Sigma). Protein expression was induced with 0.5 mM IPTG at 20°C overnight. All forms of Rac1-aldehyde tag and biotinylated Tiam1 proteins were purified as described above.
Guanine nucleotide exchange assays on aldehyde-tagged Rac1 and biotinylated Tiam1 fragments
We performed control experiments to assess the effect of tags (biotin and aldehyde) on Tiam1/Rac1 GEF exchange activity. Intrinsic nucleotide exchange activity of Rac1 was not affected by the aldehyde tag (supplemental Fig. S8A ). Moreover, exchange activity assays using the PH n -PH c fragment showed no difference between Rac1 and aldehyde-tagged Rac1 (supplemental Fig. S8B ). The biotin-tagged DH-PH c domain had a small decrease in the rate of exchange activity (4.0 ϫ 10 Ϫ4 s Ϫ1 compared with 5.8 ϫ 10 -4 s Ϫ1 unlabeled DH-PH domain; p value ϭ 0.10) (supplemental Fig. S8C ). Finally, GEF exchange assays for the DH-PH c domain showed that the addition of 50 mM arginine and glutamic acid had no effect on exchange activity (supplemental Fig. S8D ). These experiments indicate that that the aldehyde-tagged Rac1 behaves identically to the untagged Rac1 and that the biotin has a small effect on nucleotide exchange activity of the DH-PH c domain but not the PH n -PH c fragment.
Rac1 labeling with Cy3 in vitro
Purified, aldehyde-tagged Rac1 protein was specifically and covalently labeled at the resulting formyl-glycine residue with Cy3-hydrazide (GE Healthcare) in vitro as described previously (72) . Rac1-aldehyde tag was exchanged into labeling buffer that contained 250 mM potassium phosphate pH 7.0, 500 mM KCl, and 5 mM DTT using an Amicon Ultra-0.5 centrifugal filter (Millipore). Next, the Rac1 protein solution (30 l at 15 M concentration) was slowly mixed with 1 mg of dried Cy3-hydrazide (3 l of protein with 0.1 mg Cy3-hydrazide) and incubated in the dark at 4°C for 24 h. Free, unreacted dye was removed, and the buffer was exchanged using a PD SpinTrap G-25 (GE Healthcare) size-exclusion column run in storage buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 1 mM DTT). The labeling efficiency (molar ratio of Rac1:Cy3) was quantified spectroscopically by determining the concentration of Rac1 at 280-nm wavelength (⑀ 280 ϭ 0.21 M Ϫ1 cm Ϫ1 ) and at 552-nm wavelength for Cy3 fluorophore (⑀ 552 ϭ 0.15 M Ϫ1 cm Ϫ1 ). Typically, the labeling efficiency was ϳ80%. Cy3-labeled Rac1 was aliquoted, flash-frozen in liquid nitrogen, and stored at Ϫ80°C.
Single-molecule TIRF microscopy imaging
TIRF imaging was performed using a prism-type TIRF microscope. The microscope was assembled on an Olympus IX-71 chassis (Olympus America). A diode-pumped solid-state laser with excitation wavelength of 532 nm (Coherent Inc.) was aligned along the optics table and passed through a Pellin-Broca prism (Eksma Optics) to generate an evanescent field for excitation of the Cy3 fluorophore. A water immersion 60ϫ objective (Olympus America) was used to observe the fluorescence signal. The signal-to-noise ratio was enhanced through use of an emission filter to remove excitation light from the path to the IXON EMCCD (Andor Technology) camera, where fluorescence was recorded at 10 or 30 frames per second with amplification of 290ϫ without image binning or averaging. A laser power of 45 milliwatts was used for all single-molecule experiments.
The microscope sample chamber was passivated using a 250:1 molar ratio polyethylene glycol (PEG) and biotinylated PEG (MPEG-SVA-5000 and Biotin-PEG-SVA-5000, Laysan Bio) followed by incubation with neutravidin (100 pM; Pierce) (73) . N-terminally biotinylated Tiam1 DH-PH c or PH n -PH c proteins (150 pM) were immobilized onto the passivated glass surface in the sample chamber. The slide chamber was washed with reaction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.1 mg/ml BSA, 1 mM DTT, 0.8% glucose, and 50 M GDP). Indicated concentrations of Cy3-labeled Rac1 were introduced to the slide chamber, and movies were recorded for 600 s at 100-ms intervals for the Tiam1 DH-PH c fragment and 424 s at 33-ms intervals for the Tiam1 PH n -PH c fragment. Initially, the 33-ms interval was used in anticipation of very weak binding and short events. Subsequent analysis showed that the 100-ms interval was adequate. Experiments were performed at 1, 3, and 5 nM concentrations of fluorescently labeled Rac1 for the DH-PH c and 0.5, 1, 3, and 5 nM concentrations of fluorescently labeled Rac1 for the PH n -PH c construct in the reaction buffer supplemented with a Trolox-based oxygen scavenging system. The Trolox system contained 0.04 mg/ml catalase and 1 mg/ml glucose oxidase (70, 74) . The 12 mM Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, Sigma) solution was prepared as previously described (70, 74) .
Analysis of single-molecule TIRF imaging data
Analysis of the single-molecule data were carried out as outlined previously (75) . Briefly, single-molecule trajectories were extracted using IDL software and selected for analysis based Auto-inhibition of Tiam1 GEF function upon the presence of stable fluorescent signal intensity over time (76, 77) . QuB software was used to generate idealized Cy3 trajectories and identify bound and free (unbound) states (78, 79) . To ensure analysis of binding did not include diffusion events of labeled protein, bound states that lasted fewer than three frames were excluded from the analysis. Events were extracted from QuB and sorted into bound and unbound events (79) . Bound events were binned, plotted as frequency histograms, and globally fit using all concentrations to single or double exponential functions to determine the k off rate constant (GraphPad Prism 7.0). Statistical analyses (F-test) determined that a double exponential fit was more appropriate for fitting the DH-PH c and PH n -PH c datasets. Filtering and re-binning the 33 ms data to a 99-ms interval gave a distribution whose fitted kinetic parameters were identical within error to those of the original 33-ms framed data.
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